Introduction
Wearable electronic devices [1] [2] [3] [4] [5] [6] [7] are of rapidly increasing interest due to their ability to provide continuous information of relevance to fitness and activity, with ultimate capabilities that have the potential to extend to clinically relevant measurements of health status. For these latter purposes, most modes of measurement demand intimate electrical, thermal, and mechanical interfaces to the body, typically through skinmounted configurations. [8] [9] [10] [11] For comfortable, noninvasive operation in such scenarios, the materials and mechanics designs must yield devices with physical attributes that place minimal constraints on the natural motions and processes of the underlying biological tissues. [12, 13] To address this challenge, research focuses on the development of material and device components for soft, stretchable forms of electronics, in approaches that rely either on organic materials, inorganic nanomaterials or composites of these two, [14] [15] [16] [17] [18] [19] [20] [21] [22] or on overall structures of materials that are deterministically engineered to afford elastic mechanical responses with low effective moduli. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Certain advanced strategies of this latter type exploit ultrasoft materials or liquids to surround hard electronic components and interconnects, as a way to strainisolate them from their interfaces to the body. [34] Although liquids are preferred for this purpose, previously explored combinations of materials had the capacity to leak slowly and to dry out over time. Additionally, direct contact of the liquids with the active electronics created risks in degrading the operational properties.
This paper introduces simple strategies that retain the exceptionally effective strain-isolation capabilities afforded by liquids but without these two drawbacks. Here, an ionic liquid fills a microfluidic space, or cavity, defined in a low modulus elastomeric substrate, as in Figure 1a . The contained liquid film mechanically isolates the underlying skin from the electronics above, without any direct contact to either. The use of ionic liquids with negligible vapor pressure and permeability through the classes of elastomers exploited in stretchable electronics (e.g., various formulations of silicones and others) yields robust, long-lived behavior without leakage or evaporation. As examined in combined theoretical and experimental work, this liquid layer also helps to prevent mechanical collapse of the cavity enclosure. The results identify all of the key materials and mechanics variables associated with these systems. Simple examples of skin-mounted wired and wireless sensor systems illustrate the use of these ideas in wearable electronics.
Results and Discussions
Figure 1a presents a schematic cross-sectional illustration of the geometry of the system, in which a thin layer of ionic liquid lies between the skin and a stiff electronic device www.small-journal.com (with length 2L and thickness t dev ), housed in a soft elastomeric enclosure that simultaneously serves as an encapsulation layer for the entire system. 4 ], dyed blue here for clarity, Sigma-Aldrich, St. Louis, Missouri), introduced by syringe injection. Ionic liquids are attractive due to their negligible vapor pressures and permeabilities through many elastomers, [35, 36] Indeed, tests reveal excellent stability of this particular ionic liquid in our elastomer, even at elevated temperatures (up to 180 °C, Figure S1 , Supporting Information) and for extended periods of time (11 months and ongoing, Figure S2 , Supporting Information). By comparison, water readily diffuses through the elastomer and evaporates into the ambient environment ( Figure S1 , Supporting Information). For thin cavities and substrates (h ≈ 100 μm and t ≈ 100 μm) water completely evaporates in a few hours at room temperature and a few minutes at elevated temperatures. Additionally, the specific ionic liquid ([EMIM][EtSO 4 ]) selected for experiments reported here has numerous desirable characteristics: (1) it is a nonirritant to skin and eyes, nonharmful in terms of acute oral toxicity, nonsensitizing, and nonmutagenic, [35] (2) it has a low melting point (< −20 °C), high thermal stability, and high chemical stability, (3) it is optically transparent (dyed blue in this manuscript for emphasis), (4) it has relatively low electrical conductivity, such that it can be incorporated into near-field communication (NFC) wireless systems with negligible signal loss, and (5) it is available commercially at low cost, i.e., $370/kg or ≈$0.016/sample for the geometry shown in Figure 1b -d. [35, 36] Figure 1b-d shows optical images of this type of system configured for strain-isolation (Ecoflex substrate, t = 300 μm, 2a = 15 mm, h = 200 μm) and integrated with a wireless device that exploits NFC technology (2L = 8 mm, t dev ≈ 100 μm) during the process of soft lamination onto the skin of the forearm, in an initial undeformed state, and under twisting and stretching deformation. The device remains adhered to the skin and it is imperceptible, from the standpoint of skin sensation, under various modes of deformation (Figure 1b To demonstrate the key mechanical effects of this design strategy, we compare a strain-isolating, liquid-filled structure (Ecoflex, 2a = 15 mm, t = 500 μm, h = 200 μm, and 100 μm bottom Ecoflex encapsulation) to a standard structure (no cavity, Ecoflex with the same total initial thickness (0.8 mm) as that of the liquid-filled counterpart). The structures incorporate a rigid test device (packaged NFC chip, Cu coil, and polyimide substrate with 2L = 10 mm and t dev ≈ 1 mm), and they laminate onto the surface of a phantom skin sample (Ecoflex, 2 mm thickness, patterned with a square array of fiducial markers with 1.875 mm spacing to highlight the deformation). Details of the fabrication process can be found in Figure S5 (Supporting Information) and in the Experimental Section. Figure 2 presents optical images and computed stress distributions on the phantom skin for the liquid-filled (left column) and standard (right column) structures, under 50% stretching. The deformations of the square arrays of fiducial markers are nearly identical in the experiments (Figure 2a,b) and finite element analysis (FEA, ABAQUS commercial software, ABAQUS Inc. [37] ) simulations (Figure 2c-f) for both liquid-filled and standard substrates. The liquid-filled case demonstrates uniform separation of the fiducials whereas the standard case demonstrates a nonuniform field of deformation, thereby indicating that the liquidfilled system places less constraint on the phantom skin than the standard case. Additionally, from the computations, the shear and normal stresses (Figure 2c ,e) on the phantom skin for the liquid-filled case are less than 2 kPa (threshold for sensation in extreme skin sensitivity [38, 39] ), i.e., they are below the threshold of sensation for extremely sensitive skin. By comparison, Figure 2d ,f shows the shear and normal stresses on the phantom skin for the standard case, which exceed this threshold. The corresponding strain distributions on the devices for both cases are shown in Figure 2g ,h, which indicate that the liquid-filled design also eliminates strain on the device under stretching of the skin. This reduction in strain on the device additionally aids in preventing delamination between the device and the substrate.
Results for bending appear in Figure S6 (Supporting Information). Figure S6a (Supporting Information) shows the moment-curvature curves obtained by bending the substrate (with a device and without phantom skin) directly for the liquid-filled and standard cases, respectively. The bending stiffness of the liquid-filled case reduces to ≈½ of that of standard case. Information) demonstrate that liquid-filled structures for strain-isolation are superior to previously reported core/shell structures [12] (for the same total initial thickness) under both stretching (30%) and bending (0.05 mm −1 applied curvature). Overall, this new design approach substantially reduces both the interfacial stresses between the substrate and the skin and the mechanical constraints caused by the device while simultaneously shielding the device from strains associated with natural body motions.
An important consideration is that layers of elastomer above and below the cavity can potentially come into contact and adhere to one another (Figure 3a,b) , [40] through a process that we refer to as roof collapse. Roof collapse substantially diminishes the strain-isolation effects; thus, the systems should be designed to avoid such collapse. We first examine collapse of cavities (length 2a and height h) without overlying devices to establish the governing mechanics and compare behaviors for cases with air ( Figure 3a ) and liquid ( Figure 3b ). The deformation energy in a semi-infinite substrate of elastomer below the cavity is negligible compared to that in the layer (thickness t) above the cavity (see Note 1 and Figure S9 of the Supporting Information for details). Therefore, roof collapse of the cavity occurs mainly due to deformation of this top layer. With the uncollapsed configuration ( Figure S10 , Supporting Information) defined as the ground state (i.e., zero energy), the total potential energy (per unit width in the out-of-plane direction) due to roof collapse is [40] 2 total d eformation
where U deformation is the deformation energy of the top layer and γ is the work of adhesion between the top and bottom surfaces of the cavity. The collapsed region (|x| ≤ b in Figure 3a ,b) has an adhesion energy − 2bγ but no deformation energy. The uncollapsed regions (b < |x| < a in Figure 3a www.small-journal.com
The normalized total potential energy at / b a = 0 exceeds that of the ground state (i.e., the uncollapsed state), thereby suggesting that roof collapse will not occur spontaneously-it instead requires an external stimulus (e.g., an external pressure). The term "roof collapse" mentioned in the following discussion means that the cavity will not return to its uncollapsed state once we remove a perturbing external pressure. For the air-filled cavity (Figure 3c ), the minimal total potential energy is positive when the normalized work of adhesion is less than a critical value , which is much larger than 56.8 for the air-filled cavity, i.e., the liquid-filled cavity is much less susceptible to collapse.
The adhesion energy of Ecoflex is γ Ecoflex = 20 mJ m −2 . [41] The adhesion energy for the Ecoflex-liquid interface can be estimated as [42] = c os [42] ) and the contact angle α = 76° is measured by a goniometer as shown in Figure S11 (Supporting Information). The work of adhesion values are γ = 2γ Ecoflex = 40 mJ m −2 and γ = 2γ Ecoflex-Liquid = 16.8 mJ m −2 (two surfaces disappear during roof collapse of a cavity) for air-filled and liquid-filled cavities, respectively, which, together with the critical normalized values for the work of adhesion ( c γ = 56.8 and 1842 for airfilled and liquid-filled cavities, respectively), give the critical half-length a of the cavity as a function of the cavity height h. These results appear as solid lines in Figure 3e for air-filled and liquid-filled cavities with a fixed 200 μm thick top elastomer layer (t). Roof collapse occurs if the half-length of the cavity is above this critical value. Figure 3f shows the experimental evaluation of cavity roof collapse with a fixed cavity height (h = 100 μm) and top layer thickness (t = 200 μm). collapse, as evidenced by the uniform contrast over the cavity region in the top left image of Figure 3f . By comparison, a cavity with a 1 mm radius does collapse, as evidenced by the annular area of varying contrast in the top right image of Figure 3f . For liquid-filled cavities, a cavity with a 3 mm radius does not collapse, as evidenced by the blue-dyed ionic liquid filling the entire cavity in the bottom left image of Figure 3f . By comparison, a cavity with a 4 mm radius does collapse, as evidenced by the absence of liquid in the center region in the bottom right image of Figure 3f . Figure S12 (Supporting Information) shows the corresponding roof collapse experiments for a different fixed cavity height (h = 200 μm) and the same top elastomer layer thickness (t = 200 μm) for air-filled and liquid-filled cavities. In all of these experiments, if we apply an external pressure to force the cavities to collapse, the cavities with small diameters (solid circles in Figure 3e ) immediately return to their initial uncollapsed state upon removal of the external pressure. In other words, the cavities with small diameters remain stable even after external perturbations. These experimental results agree reasonably well with the theory as shown in Figure 3e . The slight discrepancies between the theoretical and experimental results for the liquid-filled cavities may result from: (1) the reference values used for γ Ecoflex and γ Liquid in Equation (3) may differ from the actual values of the materials used in the experiments or (2) the 2D plane-strain approximation used in the analytical model is simplified, compared to the circular cavities used in the experiments. Overall, these calculations and experiments demonstrate that filling the cavities with liquid significantly aids in preventing roof collapse. As a practical consequence, strain-isolation can be provided with thinner substrates if the substrates are filled with liquid, as opposed to air. We now examine structures with overlying devices for use in wearable electronics. Figure S13a ,b (Supporting Information) shows the analytic model of roof collapse with a device for a liquid-filled cavity without any stretch. The bottom layer, which encapsulates the liquid, can be as thin as practically possible, and is attached to skin (with relatively large thickness, and elastic modulus larger than that of the elastomer). The top layer and device are modeled as beams with two different cross sections: Section 2 has the elastomer only, and its bending stiffness is / (12(1 )) Figure S13b , Supporting Information) is determined by minimizing the total potential energy in Equation (1), though the deformation energy U deformation also depends on the device properties (via Equation (4)) and length 2L. As shown in Figure S13c (Supporting Information), the critical normalized work of adhesion, above which the collapsed state is stable, now depends on the bending stiffness ratio and normalized length (see Note 3 of the Supporting Information for details)
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For wearable electronics it is desirable for the substrate to be as thin as possible. For representative parameters 2a = 15 mm, 2L = 10 mm, and t dev = 100 μm, and elastic properties E dev = 130 GPa and dev υ = 0.27 for silicon, [23] E Eco = 60kPa and Eco υ = 0.5, Figure S13d ,e (Supporting Information) shows the minimum initial cavity thickness (h min ) and total initial thickness of the top layer and cavity (h min + t), above which roof collapse does not occur, versus the initial top layer thicknesses (t) without any stretch obtained from Equation (5) . Figure S13e (Supporting Information) gives an optimal top layer thickness t = 0.19 mm, for which the minimal total initial thickness of the top layer and cavity is h min + t = 0.32 mm. Figure 4a ,b shows the analytic model of roof collapse for a strain-isolated system with a device during stretching. The tensile stiffness of Section 1 is much larger than that of Section 2 due to presence of the stiff device, such that stretching is mainly accommodated by Section 2, and the thickness of the layer of elastomer below the device is almost unchanged. The length and thickness in Figure 4a are related to the applied stretch ε by (see Note 4 of the Supporting Information for details)
The critical normalized work of adhesion can be obtained from Equation (5) by substituting a, h, and t with a′, h′, and t′ after stretch, respectively, to yield 
where c γ is the critical value of / ( ) 4 2 a Dh γ γ = (consistent with that in Figure 3 and Figure S13 , Supporting Information), f is given in Equation (5) and also Figure S13c (Supporting Information), and the bending stiffness ratio after the stretch is obtained from Equation (4) 
For t dev = 100 μm, t = 500 μm, which is close to the optimized thickness for 20% stretch, as is illustrated in Figure 4d , and for the same elastic properties as in Figure S13d ,e (Supporting Information), Figure 4c shows the critical normalized work of adhesion ( c γ ) versus the normalized length of the device ( / L a) under 0%, 20%, and 50% stretch. Figure S14 www.small-journal.com Figure S14 (Supporting Information) suggest that a longer and thicker device helps to avoid roof collapse. Figure 4d shows the minimum total initial thickness of the top layer and cavity (h min + t) versus (t) under 0%, 20%, and 50% stretching. For each applied stretch, there exists an optimal top layer thickness t to minimize the total initial thickness h min + t, such as t = 0.43 mm for 20% stretch. The total initial thickness increases rapidly from 0.32 mm without stretch to 1.45 mm for 50% stretch.
In addition to avoiding roof collapse, it is important to optimize a, h, and t to minimize the stresses on the skin. Figure 4e ,f shows the shear and normal stress distributions on the skin (elastic modulus 130 kPa [43] ) obtained by FEA for the representative values h = 200 μm, t = 500 μm, cavity lengths 2a = 10, 15, and 20 mm, and 100 μm thick bottom layer below the cavity when subjected to 30% stretching. For 2a ≥ 15 mm, the shear and normal stresses are smaller than 2 kPa, i.e., the subject will not physically perceive the presence of the device for stretching up to 30%.
Utilizing these optimized designs, Figure 5 provides demonstrations with functional devices. Namely, Figure 5a presents a photograph of a mechano-acoustic sensor that contains an accelerometer on a strain-isolated substrate at 30% stretch. Details of the fabrication process can be found in the Experimental Section, and Figures S5 and S15 (Supporting Information). The sample was stretched (30%), placed on a vibration generator, and subjected to incremental changes in vibration frequency in a sequence of 1, 5, 10, 50, 100, and 500 Hz for ≈5 s at each frequency (video in Figure S16 , Supporting Information). The voltage output of the accelerometer, corresponding to motion in the out-of-plane direction, was recorded during this process ( Figure S17 , Supporting Information). Standard software (AD Instruments LabChart 8, Colorado Springs, CO) was implemented to detect the location of peaks from the voltage measurements. The frequency of these peaks was then plotted as a function of time, as shown in Figure 5b . The performance of the mechano-acoustic sensor, as assessed by its www.advancedsciencenews.com small 2017, 13, 1602954 Figure 4 . Analysis and optimization of the dimensions of the cavities. a,b) Schematic illustrations of (a) a liquid-filled cavity with a device mounted on the skin and (b) its collapsed state under a stretching deformation. c) Critical normalized work of adhesion ( c γ ) versus normalized initial length (L/a) for fixed elastic properties and initial thickness under 0%, 20%, and 50% stretching. d) Minimum total initial thickness (h min + t) versus the thickness of the top layer of elastomer (Ecoflex, t). e,f) Interfacial stresses between human skin and the device under 30% stretching for the case of a 10 mm long device with several cavity lengths-(e) shear stress and (f) normal stress as a function of position.
ability to correctly measure the applied vibration frequency, was nearly identical for substrates without ionic liquid (no strain-isolation) at 0% stretch, with ionic liquid at 0% stretch, and with ionic liquid at 30% stretch (Figures S17-S20, Supporting Information). In all of these cases, the frequencies applied to the sample through the vibration generator could be accurately measured with the exception of low frequencies of 1 Hz and less, due to the sensitivity limit (0.5 to 550 Hz) of the accelerometer itself.
An additional demonstration involves the liquid-filled substrates integrated with an NFC device, as shown at 40% stretch in Figure 5c . The electronics incorporate an NFC bare die (SL13A, AMS AG, Cupertino, CA) with built-in temperaturemeasurement capabilities connected to a Cu coil that allows for wireless transfer of data. Details of the fabrication process can be found in the Experimental Section. Figure 5d shows temperature data collected wirelessly as the sample is subjected to incremental changes in temperature by repetitive heating with a heat gun, as shown in the video in Figure S21 (Supporting Information). The data collected in the stretched state (40%) are similar to those collected in the undeformed state ( Figure S20 , Supporting Information). Overall, these results illustrate the effectiveness of this strain-isolation strategy in practical applications, even under large deformation.
Conclusions
Liquid-filled cavities located within a soft, elastomeric enclosure and positioned between electronics above and skin below provide excellent levels of strain-isolation, for dramatically reduced interface stresses and associated improved wearability in skin-mounted devices. Ionic liquids offer exceptionally low vapor pressures and negligible permeability through commonly used elastomers, thereby ensuring robust, long-term operation without leakage or evaporation. Systematic theoretical and experimental studies of these cavities reveal a set of key design parameters for their integrity, without collapse. For given device and cavity dimensions, analytic modeling provides guidelines for optimizing the thickness of the cavity. The strain-isolation effects studied by FEA suggest 2/3 as an appropriate choice for the normalized length of the device ( / L a ) for the purpose of preventing the interfacial stresses on the skin from reaching thresholds for sensation (2 kPa), for typical levels of deformation. Device demonstrations of these ionic liquidfilled cavity concepts in wireless and wired sensing platforms has been applied to a NFC device mounted on a phantom skin.
Experimental Section
Preparation of Liquid-Filled Substrates: Figure S5 (Supporting Information) shows the technical approach for fabricating liquidfilled substrates for strain-isolation. First (Step 1 in Figure S5 , Supporting Information), photolithography defined a pattern in an SU-8 mold, e.g., for a 100 μm thick feature: SU-8 2100 photoresist (MicroChem, Westborough, MA), spin-cast at 3000 rpm for 30 s, baked at 65 °C for 5 min and 95 °C for 20 min, UV exposed to 240 mJ cm www.small-journal.com Photolithography and wet etching formed inductive coil patterns in Cu on each side, and electroplating through a VIA hole joined the two sides to form a dual-layered coil. For more details on the fabrication process, please see ref. [44] . [44] An oxide remover (Flux, Worthington, Columbus, OH) cleaned the contact openings for the thinned NFC bare dies. An In/Ag solder paste (Ind. 290, Indium Corporation, Chicago, IL) attached the dies (100 μm thick, SL13A, AMS AG, Cupertino, CA) to the device. A small amount of a silicone-based elastomer (Q1-4010, Dow Corning, Auburn, MI) served as an encapsulant for the dies and coils.
A heat gun subjected the samples to incremental changes in temperature. An NFC/HF reader (AS3911B, AMS AG, Cupertino, CA) connected to a laptop enabled wireless acquisition of temperature data during the experiment. See video ( Figure S21 ) of the Supporting Information for a demonstration of the experiments.
Fabrication and Testing of the Mechano-Acoustic Sensor: Fabrication of mechano-acoustic sensors included patterning of the interconnects, transfer-printing of key components, and bonding of the component chips. Interconnect patterning began with a commercial laminate (Microthin, Oak Mitsui Inc., Hoosick Falls, New York) that contains a copper carrier film (17.5 μm) and a thin copper foil (3 μm) separated by an ultrathin release layer. Spincoating and thermal curing formed a film of polyimide (1.2 μm, PI 2545, HD Microsystems, Parlin, NJ) on the side with the thin copper foil (3 μm). Peeling this PI-coated layer from the thick copper layer allowed its attachment onto a glass slide coated with poly(dimethylsiloxane) (Sylgard 184, Dow Corning, Auburn, MI). Photolithography and metal etching defined a pattern of interconnects in the copper. Another spin-coating and curing process yielded a uniform layer of PI on the resulting pattern. Photolithography and reactive ion etching (March, Nordson, Carlsbad, CA) produced top and bottom layers of PI that support and encapsulate the interconnects with the soldering pads exposed. In the transferprinting step, water-soluble tape (Aquasol, North Tonawanda, NY) facilitated transfer of these encapsulated interconnects onto the strain-isolated substrates via UVO treatment as described in the Experimental Section "Preparation of Strain-Isolation Structures." Removal of the tape by immersion in water exposed the interconnects ( Figure S15a, Supporting Information) . A solder paste (Ind. 290, Indium Corporation, Chicago, IL) heated with a heat gun at ≈165 °C bonded the device components onto designated pads ( Figure S15b , Supporting Information). Soldering also connected the copper wires to the device to enable testing ( Figure S15e , Supporting Information).
Tests involved placing the devices on a flat, aluminum stand (4 cm × 4 cm) mounted on a vibration generator (3B Scientific, Tucker, Georgia). A 1 cm pole attached to the diaphragm of a loud speaker (SR 1010, Somogyi, 50 W, 100 mm, 8 Ω) and fitted inside a plastic housing generated the vibrations. The sine-wave output of a function generator (FG100, 3B Scientific, Tucker, Georgia) provided 3 V output to the loud speaker at discrete frequencies of 1, 5, 10, 50, 100, and 500 Hz. A commercial system (Powerlab, ADInstruments, Colorado Springs, CO) enabled data acquisition without filters at a sampling rate of 1 kHz.
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